Purpose: To investigate the adverse effect of intravitreal injection of normal saline (NS) and phosphate buffered saline (PBS) in mouse eyes.
Introduction
Intravitreal injection is an accepted route of drug delivery for the management of retinal and choroidal diseases. Therefore, injection of the drug or drugcontaining devices directly into the vitreous cavity allows high levels of drug to be achieved in the posterior segment of the eye (retina and choroid), improving the efficacy of therapy for vitreoretinal diseases. Currently, the most common intravitreal injection in the clinic is the delivery of anti-vascular endothelial growth factor (VEGF) medications (bevacizumab [Genentech, San Francisco, CA] or ranibizumab [Novartis, Basel, Switzerland]), for the management of various retinal vascular diseases, including neovascular age-related macular degeneration (AMD), 1,2 diabetic macular edema (DME), [3] [4] [5] retinal vein occlusion, 6, 7 and neovascular glaucoma. 8 In addition, intravitreal injection of steroids or steroid implants is widely used to treat various types of chronic intraocular inflammation, [9] [10] [11] and the injection is considered relatively safe with only a very low risk of ocular damage and intraocular inflammation. 12, 13 In fact, the intravitreal drug delivery has revolutionized the management of the major sightthreatening conditions including AMD and DME. Hence, there is an insurgence in the use of intravitreal injection in preclinical studies, including intravitreal injection of different types of therapeutic compounds, molecular probes, and various gene transfection reagents.
In the clinic, different drugs use different vehicles (i.e., triamcinolone is in benzyl alcohol; Ranibizumab is in a solution containing histidine HCl, a, a-trehalose dehydrate, and polysorbate) and the drug companies normally test the toxicity of the vehicles before clinical applications. If further dilution is needed, normal saline (NS, 0.9% NaCl) or Hank's balanced salt solution (HBSS) would normally be used. NS and phosphate buffered saline (PBS) are the two most commonly used vehicles for intravitreal injection in preclinical studies. Surprisingly, we found that intravitreal injection of NS resulted in acute, localized retinal and retinal pigment epithelial (RPE) damage in the C57BL/6J mouse. On the other hand, intravitreal injection of PBS did not cause any detachable retinal damage.
Methods Animal Handling
Adult (3-month old) C57BL/6J (Harlan, Indianapolis, IN) mice were used in this study. All animals were housed and bred in a normal experimental room and exposed to a 12 hour light/dark cycle with free access to food and water. All procedures were conducted under the regulation of the United Kingdom (UK) Home Office Animals (Scientific Research) Act 1986 and were in compliance with the ARVO Statement for the Use of Animals in Ophthalmology and Vision Research.
Reagents Used for Intravitreal Injection
Normal saline (NS): normal saline containing 0.9% NaCl was purchased from Fannin Healthcare Co. (Belfast, Northern Ireland). This commercial NS is a medical product and routinely used in the hospital for venous infusion. Phosphate Buffered Saline (PBS): 0.01M PBS was prepared freshly (0.8% NaCl, 0.02% KCl, 0.178% Na 2 HPO 4 .2H 2 O KH 2 PO 4 , pH 7.4). In addition, home-made 0.9% NaCl (0.9 g NaCl dissolved in 100 mL distilled water), and PBS adjusted to pH 6.0 were also used in the study. Home-made saline and PBS were sterilized before use.
Intravitreal Injection
Intravitreal injections were performed under a surgical microscope. Animals were anaesthetized with the gas anesthesia isofluorane (Merial; Animal Health Ltd., Essex, UK). Pupils were dilated using 1% tropicamide and 2.5% phenylephrine (Chauvin, Essex, UK). Viscotears Liquid Gel (Novartis Pharmaceuticals UK Ltd., Surrey, UK) and a microscope coverslip were used to improve the visibility of the fundus. A 33-gauge needle (Hamilton Bonaduz AG, Bonaduz, Switzerland) was inserted from the limbus with a 458 injection angle into the vitreous. The direction and location of the needle was monitored through the microscope. NS or PBS (1 or 2 lL) was injected using a repeating dispenser (PB-600-1; Hamilton Bonaduz). In the ''needle punch group'', animals underwent the sample procedure without injecting any solution to the vitreous cavity. The control animals did not undergo any of the above procedures. All procedures were conducted by the same surgeon.
Clinical Investigations
Animals were anaesthetized and pupils dilated as described above. A topic endoscopic fundus imaging (TEFI) system, described previously, 14, 15 was used to obtain fundus images at baseline level (day 0), 1 day, and 1, 2, and 3 weeks after intravitreal injection. Images were captured using the Nikon D90 camera (Nikon UK Ltd., Surrey, UK) and saved in TIFF format. The brightness and contrast of the images were adjusted using Adobe Photoshop CS4 (Adobe Systems, Mountain View, CA).
Spectral-domain optical coherence tomography (SD-OCT) was conducted at 1 day and 3 weeks after intravitreal injection using the Spectralis Heidelberg OCT system (Heidelberg Engineering, Heidelberg, Germany) set to 308 field of view.
Retinal Morphometry
Retinal thickness was measured from the SD-OCT images using the Spectralis Heidelberg Eye Explorer software (Heidelberg Engineering). We made three types of measurements: (1) the total retinal thickness, from ganglion cell layer (GCL) to the outer limiting membrane (OLM), (2) inner retinal thickness, from GCL to the margin between the inner nuclear layer (INL) and the outer plexiform layer (OPL), and (3) outer retinal thickness, from OPL to OLM. Lesion and nonlesion regions from NS-injected eyes were measured separately and compared with other experimental groups at equivalent retinal eccentricities.
Histology
Mouse eyes were collected at 1 day and 3 weeks post eye procedures and fixed in 4% formalin for at least 24 hours. Samples were embedded in paraffin, sectioned at a thickness of 5 lm and processed for standard hematoxylin and eosin (H&E) staining. Sections were then examined for signs of pathology 
Measure of Vitreous Humor pH
Animals were anaesthetized with an intraperitoneal injection of ketamine hydrochloride (60 mg/kg; Fort George Animal Centre, Southampton, UK) and xylazine (5mg/kg; Pharmacia & Veterinary Products, Kiel, Germany) and pupils dilated as described above. The vitreous humor was extracted from mouse eyes 1 hour after intravitreal injection (1 or 2 lL) of PBS or NS. A 33-gauge needle was inserted from the limbus with a 458 injection angle into the vitreous and cannulated with a 5-lm diameter glass capillary. Three-to 4-lL vitreous/eye was extracted by using a 1-mL insulin syringe coupled to the glass capillary. The vitreous pH was measured using pH test strips (6.0-7.7 pH, sensitivity 0.3 pH unit; Sigma, Cambridge, UK).
Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)
Total RNA was isolated from mouse retina and RPE/choroidal tissue using the RNeasy Mini Kit (Qiagen, West Sussex, UK) at 1 day after intraocular injection (n ¼ 6 eyes for each group) and then reverse transcribed into complementary DNA (cDNA; SuperScript II reverse transcriptase; Invitrogen, Paisley, UK). All procedures were conducted following manufacturer's instructions. The quantity and quality of RNA were determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). The same amount of total RNA was used for reverse transcription using SuperScripTM II Reverse Transcriptase kit and random primers (Invitrogen). Real-time RT-PCR was performed using SYBR Green Master (Roche Diagnostics GmbH, Mannheim, Germany) in Light-CyclerH 480 system (Roche Diagnostics GmbH). 18s was used as a housekeeping gene to normalize the relative expression levels of target gene mRNA. The primer sequences used in this study are listed in Table 1 .
Retinal Pigment Epithelial Cell Culture
The mouse RPE cell line B6-RPE07 were cultured in complete Dulbecco's modified Eagle medium (DMEM; PAA Laboratories Ltd., Yeovil, UK), supplemented with 10% fetal calf serum (FCS) (Sigma) and 0.2% primocin (InvivoGen, Tolouse, France) as detailed in our previous study. 16 The cells were subcultured at the ratio 1:3 every 3 days.
Extraction of Retinal Protein
Retinal proteins were extracted from mouse eyes 24 hours after intravitreal injection (1 lL) of PBS or NS. For this purpose, retinas were dissected under a dissecting microscope within 2 to 3 minutes after eyes were collected. Retinal tissues were homogenized in distilled water (100 lL water/retina) and lysates centrifuged at 15,000g for 15 minutes. Only the soluble protein fraction was collected and the total protein concentration determined by the BCA Assay (Thermo Fisher Scientific, Waltham, MA).
Cytokine Measurement
Cytokines, including tumor necrosis factor (TNF)-a, interleukin (IL)-1b, and IL-6 were measured in retinal extracts of noninjected controls, PBS-injected and NS-injected mice (n ! 4) using the Cytometric Bead Array (CBA; BD Biosciences, Oxford, UK) kit according to manufacturer's instructions. Cytokine levels were normalized by total protein levels of the samples and expressed as nanogram cytokine per gram of total protein (ng/g).
RPE Viability Assay
The effect of PBS, NS, and retinal protein extracts on RPE cell viability was tested in B6-RPE07 cells. RPE cells were seeded into 24-well plates and incubated with 30% PBS or 30% NS in DMEM supplemented with 10% FCS for 1 or 24 hours. The concentration of PBS and NS used in the in vitro study was determined from the estimated in vivo concentration after intravitreal injection of 2 lL PBS or NS (mouse vitreous humor~5-6 lL/eye). In another group, RPE cells were treated with 1 lg/mL retinal extracts in 10% FCS-DMEM for 24 hours. Cell viability was determined in each group immediately after treatment, by incubating cells with 100 nM 4 0 ,6-diamidino-2-phenyilindole (DAPI; Sigma-Aldrich) and 2 lg/mL Propidium Iodide (PI; Invitrogen) for 15 minutes. Cells were sampled and imaged by confocal microscopy (C1 Nikon Confocal Microscope, Eclipse TE200-U; Nikon UK Ltd.). For each well, five images from the left, right, up, down, and central areas were taken and then quantified by using the ImageJ software (National Institutes of Health, Bethesda, MD). The average of dead and live cell from five images was used as the number of the dead or live cell of the well. The percentage of dead cells (PI staining) was calculated by dividing the number of PI/ DAPI dual-positive cells with the total number of nuclei in the field of view (DAPI staining).
Data Analysis
Gene fold changes, cytokine levels, retinal thickness, and RPE cell viability of different experimental groups were compared with nontreated controls using unpaired Student's t-test. Data were expressed as mean 6 SE (mRNA expression, RPE cell viability) or 6 SD (retinal thickness). A difference between the mean of separate experimental conditions was considered significant at P less than 0.05.
Results

Fundus Abnormalities in C57BL/6J Mouse Eyes Following Normal Saline Injection
Fundus examinations at 24 hours, 1 and 3 weeks post intravitreal injection revealed no abnormalities in eyes from control (Fig. 1A) , needle punch (Fig. 1C) , and PBS-injected (1 lL/eye, Fig. 1B ; 2 lL/eye, not shown) groups. Interestingly, 24 hours following intravitreal injection of NS (Fannin Healthcare Co.), patches of whitish lesions were observed in 40% and 58.33% of eyes receiving 1 lL (n ¼ 20, Fig. 1D ) and 2 lL (n ¼ 12, Fig. 1G ), respectively. Lesions were randomly spread throughout all retinal sectors, varying in size from 0.7 to 10 optic disc diameter. In general, lesion size was larger in eyes receiving 2 lL NS compared with eyes receiving 1 lL NS. By 1 week post injection (p.i.), whitish lesions partially disappeared and fundus began to recover its normal appearance in eyes receiving 1 lL NS injection (Fig.  1E) . The majority of lesions vanished by 3 weeks p.i., and only a few lesions remained visible (Fig. 1F) . However, in eyes receiving 2 lL NS injection, many lesions remained visible at 1 week (Fig. 1H ) and 3 weeks (Fig. 1I) p.i. A repeated experiment using home-made NS (n ¼ 14, 2 lL/eye) revealed similar results (10/14 eyes developed lesions).
Acidic load can cause photoreceptor degeneration. 17 The pH in NS used in this study was 6.0, whereas the pH in PBS is 7.4. To understand whether NS-induced fundus lesions were promoted by the acidic load, 1 (n ¼ 4) and 2 lL (n ¼ 4) of PBS with pH 6.0 was injected intravitreally. Interestingly, no fundus lesions were observed (data not shown). In addition, 1 hour after intravitreal injection of NS (1 and 2 lL) the vitreous humor had physiological pH values (pH~7.4, data not shown). These results suggest that the lower level of pH in NS is unlikely responsible for the fundus lesions.
Normal Saline-Induced Retinal Lesion in SD-OCT Investigation
To further understand the nature of fundus whitish lesions, we carried out SD-OCT examinations at 24 hours and 3 weeks p.i. in eyes receiving 1 lL of NS. All layers of the retina are clearly visible and no abnormalities were detected in nontreatment control ( Fig. 2A) , intravitreal PBS injection (Fig. 2B) , and needle punch mice (Fig. 2C) . In NS-injected mice, areas of hyperreflection (correlate to whitish lesions in fundus images [ Fig. 2E ; TEFI]) were detected at 24 hours p.i. (inserted image, Fig. 2D ). The lesions were located in the outer retina, between photoreceptor IS/ OS and RPE layers (Fig. 2D) . The lesion size varied from 150 to approximately 500 lm in width and 20 to approximately 50 lm in depth. By 3 weeks p.i., the retinal structure appeared normal in those regions affected by lesions (Fig. 2F) . Moreover, the retina presented no structural anomalies in regions unaffected by lesions, in neither 24 hours nor 3 weeks p.i. (data not shown).
We carried out a morphometric analysis to investigate whether intravitreal injection of NSinduced retinal degeneration. PBS injection and needle punch did not affect retinal thickness in OCT measurement (Figs. 2G-J retinal thickness remained unchanged in nonlesion areas at 24 hours (Fig. 2G ) and 3 weeks (Fig. 2I) p.i. However, a significant reduction of retinal thickness was detected at the lesion site at 24 hours p.i. (15% GCL-OLM, 17% GCL-INL, and 10% OPL-OLM; all values P , 0.001; Fig. 2H ). By 3 weeks p.i., although retinal structure had recovered in the majority of lesion areas, a slight but statistically significant reduction of thickness was observed in the outer retina (P , 0.01, Fig. 2J ). These data suggest that intravitreal injection of NS induces localized outer retinal degeneration.
Normal Saline Injection Mediated Retinal Damage in Histological Investigation
H&E staining of mouse eyes at 24 hours showed no abnormalities in nontreatment control (Fig. 3A) , intravitreal PBS injection (Fig. 3B) , and needle punch (Fig. 3C) groups. In NS-injected eyes where clinical investigations showed fundus abnormalities, patches of lesions were detected 24 hours p.i., characterized by multiple vacuolization in photoreceptor outer segments (OS) and RPE layers (asterisks, Fig. 3D ). Despite the thickness of corresponding ONL was reduced (arrows, Fig. 3D ), inner retinal layers appeared normal. At 3 weeks p.i., the majority of vacuoles disappeared in eyes receiving 1 lL NS injection (Fig. 3E ), but RPE depigmentation was evident in some sectors (Fig. 3F) . However, in eyes receiving 2 lL of NS, vacuolization of photoreceptor OS/RPE was still evident (Fig. 3G) . In NS-injected eyes that had a normal fundus appearance in clinical investigations, H&E staining did not show any structural damage (data not shown). 
Immune Gene and Cytokine Expression Following Normal Saline Injection
To understand the underlying mechanism related to NS intravitreal injection-mediated retinal damage, we evaluated immune gene expression in the retina and RPE/choroid by RT-PCR (Fig. 4) . PBS injection or needle punch groups did not affect the expression of the immune related genes tested (TNF-a, IL-1b, IL-6, iNOS, VEGF), in both the retina (Fig. 4A ) and RPE/choroid (Fig. 4B) . However, 24 hours after NS injection, the expression of inflammatory genes TNFa, IL-1b, IL-6, iNOS, and VEGF was significantly increased in the retina (Fig. 4A) . In RPE/choroid, the expression of IL-1b and IL-6, but not of TNF-a, iNOS, and VEGF was upregulated (Fig. 4B) . These results suggest that NS intravitreal injection induced inflammatory gene expression more in the retina than in the RPE/choroid.
Further analysis of cytokine levels using CBA revealed a significant increment of IL-6 in the NS injected retinas (1.1 ng/g, P , 0.05) compared with that in PBS-injected and control retinas (0.32 ng/g and 0.2 ng/g, respectively; Fig. 4C ). TNF-a and IL-1b were undetectable in all samples (data not shown).
The Effect of Normal Saline in RPE Cell Cultures
RPE damage constitutes a major part of intravitreal NS injection-induced ocular pathology. NS is known to have direct effects on immune cells 18, 19 and peritoneal mesothelial cells. 20 To further understand whether RPE damage is due to the direct effect of NS or secondary to retina-released cytotoxic factors, we carried out an in vitro RPE viability assay, using NS or retinal protein extracts from eyes injected with 1 lL of NS or PBS. In vitro incubation of RPE cells with 30% PBS or 30% NS for 1 or 24 hours did not affect RPE cell viability (data not shown), suggesting that both PBS and NS are not toxic to RPE cells. When RPE cells were incubated with 1 lg/mL retinal protein extracts from eyes receiving 1 lL NS Immune gene expression in retina and RPE/choroid of C57BL/6J mice. Twenty-four hours following intravitreal injection of PBS or NS or needle eye punch, retinas, and RPE/choroidal tissues were collected and processed for RT-PCR analysis (A, B) and IL-6 cytokine levels (C). Gene fold changes and IL-6 levels are compared with untreated age-matched controls using unpaired Student t-test. * P , 0.05, ** P , 0.01, *** P , 0. 
Discussion
In this study, we show that intravitreal injection of 0.9% normal saline dose-dependently induced retinal degeneration in C57BL/6J mouse eyes and that intravitreal injection of PBS had no significant adverse effect. NS injection appears to damage predominately outer retinal layers, including photoreceptors and RPE cells and the damage is accompanied by increased inflammatory cytokine expressions.
Both PBS and NS are isotonic solutions, and are widely used in various in vivo and in vitro studies. Why NS but not PBS is toxic to the retina is unknown. This may be related to different salt compositions in the two solutions. NS only contains 154 mM Na þ and 154 mM Cl . Although the 0.9% NaCl is considered as ''physiological'' or ''isotonic'' saline, the solution is, however, neither ''normal'' nor ''physiological'' when comparing with extracellular fluid. 21 Although infusing an appropriate volume of NS into the blood stream is safe, excessive infusion is harmful even in healthy volunteers. 22, 23 The adverse effect is believed to be related to the lower [Na ] ratio in PBS is 1.13:1, slightly closer to that found in physiological conditions. At the cellular level, there is increasing evidence that NS may have adverse effects on immune cells. For example, 0.9% saline can induce neutrophil activation. 18, 19 Furthermore, NS is known to have toxic effects to the peritoneal cavity. 25 Normal saline is commonly used in clinical practice to wash the peritoneal cavity during abdominal surgery or after chronic peritoneal dialysis. 26 Accumulating evidence suggests that the use of NS in those conditions is more likely to produce adhesion than in no irrigation, and chronic exposure of the peritoneum to NS causes overgrowth of the connective tissue and formation of new blood vessels with that tissue. 26 Further mechanistic studies suggest that NS damages peritoneal mesothelial cells 20 through inducing oxidative stress. 27 The adverse effects of NS in the retina have been observed in a number of in vivo studies, although the authors only used the data as vehicle controls and did not pay attention to the saline-mediated side effects. In a mouse model of endophthalmitis, intravitreal injection of NS as a vehicle control promoted a significant reduction in the electroretinogram (ERG) responses compared with contralateral noninjected eyes at 24 hours p.i. 28, 29 Although ERG was not tested in our NS-injected mice, the profound damage in photoreceptor and RPE cells (Figs. 1, 3 ) is likely to affect the ERG response, which would support those previous observations. 28, 29 Our investigations in OCT and histology show that saline-mediated photoreceptor damage is restricted to photoreceptor OS/RPE layers (Figs. 2, 3) . Although the precise mechanism underlying saline-mediated OS damage remains elusive, it is possible that ion channels, in particular chloride channels may be involved. The OS is specialized for phototransduction, and is packed with a number of ion channels that are important for the transduction of lightinduced responses, including the voltage-gated sodium channels, calcium channels, potassium channels, [30] [31] [32] and chloride channels. 33 The high ratio of chloride over sodium (compared with extracellular ] ratio (1.13:1) and the presence of K þ in PBS would not disrupt the electrolyte composition of the vitreous and retina as the NS would.
The lower level of pH in NS (6.0) is unlikely to promote retinal damage, since the injection of PBS with pH 6.0 did not show any toxicity to the retina. Furthermore, vitreous pH was rapidly normalized after injection with 1 or 2 lL of NS (15% and 30% of total mouse vitreous volume, respectively). These data highlights the rapid pH buffering capacity of the mouse vitreous humor in response to a relatively large volume of acid load. A similar response may also exist in the human vitreous humor, as different ophthalmic drugs formulated in acidic buffers are well tolerated (e.g., Lucentis [Novartis] is at pH 5.5, Avastin [Genentech] at pH 6.2), although the injected volume of drugs in patients (1% of the total human vitreous volume) is significantly lower than that in mice, 15%-30%).
RPE damage in saline-injected eyes may be related to the release of cytotoxic mediators by damaged photoreceptors. Our histological investigation showed that RPE vacuolization is always associated with photoreceptor damage. Furthermore, NS did not affect RPE viability in vitro, whereas retinal extracts from NSinjected but not PBS-injected eyes induced RPE cell death. This is further supported by a more pronounced saline-induced inflammatory gene expression in retinal tissues compared with RPE/choroidal tissues.
In summary, we showed in this study that intravitreal injection of NS is toxic to the C57BL/6J mouse retina. Although the underlying mechanism remains elusive, the adverse effect appears to be related to photoreceptor and RPE damage. Despite that further investigations are needed to examine the adverse effect of NS to the retina of other species, including humans, we would urge not to use NS as a vehicle for intraocular injection in C57BL/6J mice, and should be used with caution in other species including humans.
